Bacterial leaching of sulfur-containing minerals in bioreactors has been commercialized in many parts of the world, including Australia, South Africa, and South America. Yet the microorganisms involved, and the role that they play in the bioleaching process, has only recently begun to be understood. For many years it was accepted that the most abundant microorganism involved in the mineral-leaching process at mesophilic temperatures was Thiobacillus ferrooxidans. More recently it has been established that under certain conditions Leptospirillium ferrooxidans is the more important of these two mineral sulfide-oxidizing species (20) .
Bioleaching has also been shown to occur in the natural environment at temperatures between 40 and 50°C. Moderately thermophilic, acidophilic bacteria have been isolated from coal spoil heaps (16) , which have elevated temperatures in interior zones and localized habitats of high temperature due to spontaneous and biologically mediated exergonic oxidative processes. These moderate thermophiles include ironand sulfur-oxidizing acidophiles with growth temperature optima between 40 and 50°C and maximum growth temperatures of around 55°C.
We have previously reported that an undefined mixed culture of moderately thermophilic microorganisms was capable of oxidizing the arsenopyrite faster than T. ferrooxidans at 22°C, a temperature well below its optimum (24) . Since that report, we have begun to investigate defined moderately thermophilic mixed cultures and, in particular, two of the dominant species which have been isolated as pure cultures.
The first of the isolated species was named Thiobacillus caldus, of which there are three known isolates: KU (9), BC13 (16) , and C-SH12, which requires yeast extract for growth in pure culture. Despite its inability to oxidize iron sulfides in pure culture (8) , T. caldus has been shown to be the most common sulfur (S 0 )-oxidizing bacterium isolated from continuous biooxidation reactors operating at temperatures between 40 and 50°C. The second isolated species was a moderately thermophilic iron oxidizer (designated MTFe-1) which was subsequently shown to be an isolate of Sulfobacillus thermosulfidooxidans (7a). S. thermosulfidooxidans has been observed to oxidize polythionates and S 0 , but consistently only under mixotrophic conditions (18) .
In this study we have tested the hypothesis that the three strains of T. caldus may be growing on the S 0 that builds up on the surface of the mineral or on tetrathionate formed by ferric iron oxidation of sulfidic minerals. By analyzing the concentrations of iron, tetrathionate, and S 0 , we have also attempted to address two main questions: what role does T. caldus play in mineral leaching, and especially, does the reduction of the level of S 0 increase the efficiency of the leaching process; and are any of the three T. caldus strains more efficient in the leaching of iron from arsenopyrite when they are in mixed cultures with S. thermosulfidooxidans?
MATERIALS AND METHODS
Bacteria and growth conditions. The three strains of T. caldus used were KU (DSM 8584; ATCC 51756), BC13 (ATCC 51577), and C-SH12 (DSM 9466). The moderately thermophilic iron oxidizer (MTFe-1) was isolated from a moderately thermophilic Kingsbury spoil enrichment culture (16) by streaking a single colony three times on iron-tetrathionate overlay plates (13) .
The three T. caldus strains were grown on tetrathionate plates made from 1.2% Oxoid no. 1 agar dissolved in mineral salts medium containing 5 mM tetrathionate (filter sterilized). The mineral salts medium consisted of the following basal salts (in grams per liter): (NH 4 4 and autoclaved before the filter-sterilized trace elements were added. The plates were incubated for 5 to 7 days at 45°C under a 2% (vol/vol) CO 2 -enriched atmosphere until colonies appeared.
From the plates, the three strains of T. caldus were inoculated into test tubes containing mineral salts solution (pH 2.1), 5 mM tetrathionate, and 10 mM Na 2 CO 3 . The cultures were grown in a 45°C shaking incubator until they reached an optical density of 0.2 at 440 nm and then inoculated into shake flasks containing 100 ml of mineral salts solution (pH 2.5). Yeast extract (0.02% [wt/vol]) was added to the C-SH12 culture, and 0.5% (wt/vol) S 0 served as the energy source for all three strains. When mineral salts solution plus 0.5% (wt/vol) flowers of sulfur was prepared, the sulfur and medium were autoclaved at 105°C for 20 min on three consecutive days. The yeast extract was autoclaved separately prior to being added to the mineral salts solution. The growth temperature was 45 Ϯ 1°C, and the growth medium was sparged with CO 2 -enriched (2% [vol/vol]) air.
MTFe-1 was inoculated from frozen stocks (Ϫ80°C) directly into shake flasks containing 100 ml of mineral salts medium (adjusted to pH 1.7 with H 2 SO 4 ) containing 50 mM FeSO 4 , pH 2.0 (autoclaved separately), and 0.01% (wt/vol) yeast extract. The shake flask was incubated at 45 Ϯ 1°C and sparged with CO 2 -enriched (2% [vol/vol]) air for approximately 48 h (until the culture became visibly turbid with bacteria and the culture turned from green to orange, indicating that ferrous iron was oxidized to ferric iron). After initial growth on ferrous iron, a 5-ml inoculum of MTFe-1 culture was transferred to shake flasks containing 100 ml of basal salts solution (pH 2.0) and 0.5% (wt/vol) autoclaved mineral. The basal salts solution and the mineral were autoclaved together, and the pH was readjusted to 2.0 with sterile 5 M H 2 SO 4 . The shake flasks were incubated for 3 to 5 days until a color change caused by jarosite formation from leached mineral was observed. The MTFe-1 was then further subcultured into 1.0% (wt/vol) mineral in basal salts solution and finally in 2.0% (wt/vol) mineral prior to inoculation into the stirred-tank reaction vessels.
Verification of cultures by SIMA. Prior to the initiation of the leaching experiments the cultures were checked by slot immunobinding assay (SIMA) (3). The MTFe-1 culture was verified as containing no KU or BC13 prior to addition to the leaching vessel; unfortunately, it was not possible to verify the absence of C-SH12 by this method (10) . The cultures were also tested at the end of the leaching run to ensure that no contamination had taken place during the course of the experiment.
Mineral and leaching experiments. Boliden Mineral AB, Boliden, Sweden, provided the Rakkejaur concentrate employed in the experiments. Rakkejaur mineral is a complex fine-grained ore from northern Sweden. The Rakkejaur mineral concentrate is a combination of a number of batches that have been concentrated by flotation. It contained 1.9 g of Au/ton, 129 g of Ag/ton, 38.7% Fe, 5.85% Zn, 1.24% As, and 44.7% S and was passed through a sieve with a pore size of 28 m. The leaching experiments were carried out in stirred-tank reaction vessels containing 1.5 liters of mineral salts medium (pH 2.0) and 5.0% (wt/vol) arsenopyrite. The reaction vessels were incubated at 45 Ϯ 1°C and sparged with 2% (vol/vol) CO 2 -enriched air at 300 ml/min. To two of the experiments, 0.02% (wt/vol) yeast extract was added, and finally, in two different experiments, CO 2 -enriched air was replaced with pure air (300 ml/min) as specified.
The inoculum was transferred from the 100-ml shake flasks where it was grown on mineral (MTFe-1) or flowers of sulfur (T. caldus KU, BC13, or C-SH12) to the 1.5-liter leaching vessels. The unoxidized mineral and flowers of sulfur were allowed to settle before the supernatant at the top of the shake flask was removed and the cells were counted and then used as inoculum to the stirredtank reactor vessel. Cell counts were carried out to ensure that 2.5 ⅐ 10 7 cells of each species were added to the vessels (except the two uninoculated control experiments); i.e., MTFe-1 in pure culture would have 2.5 ⅐ 10 7 cells added to the reaction vessel, whereas for a mixed culture, 2.5 ⅐ 10 7 cells of MTFe-1 and 2.5 ⅐ 10 7 cells of the T. caldus strain were added. The culture was adjusted to pH 2.0 at the start of the experiment and was manually maintained at this pH by the addition of sterile H 2 SO 4 . Once the sulfur released from the arsenopyrite was oxidized, with the concurrent production of acid, the pH naturally dropped below 2.0 and was no longer adjusted. All experiments were carried out in duplicate and average values and standard deviations are presented.
Analysis of degree of leaching and levels of reduced inorganic sulfur compounds. The progress of the mineral leaching was followed by monitoring the release of total iron (Fe tot ) and dissolved iron (Fe sup ), measured by atomic adsorption spectroscopy of acid-digested homogeneous samples removed from the bioreactors (0.2 ml of the sample plus 1. (14) . Samples (1 ml) from the bioleaching vessel were centrifuged at 18,000 ϫ g for 30 min to remove all mineral residue, precipitates, and S 0 , leaving the particle-free supernatant containing the soluble tetrathionate. The elemental sulfur concentration was determined by cyanolysis as described previously (11) . A 100-l culture sample was centrifuged at 18,000 ϫ g for 30 min, and the supernatant was discarded. The pellet containing the S 0 was dissolved in acetone. The remaining mineral was removed by centrifugation (3,000 ϫ g for 30 s), and the acetone containing the S 0 was analyzed. The pH and redox potential (a Pt electrode against a Ag 0 -AgCl reference) were also monitored during the progress of the leaching.
Chemicals. All chemicals were of analytical grade and were purchased from commercial sources.
RESULTS
In order to test the effect of T. caldus on the kinetics of arsenopyrite leaching, pure and defined mixed cultures of S. thermosulfidooxidans and T. caldus were carried out in 1.5-liter stirred-tank reaction vessels with 5% (wt/vol) mineral at 45°C. The rate and total amount of iron leached was followed, along with the concentrations of tetrathionate and S 0 . Testing of cultures by SIMA. A SIMA with anti-KU antibodies confirmed that there was no contaminating T. caldus in any of the MTFe-1 inocula or at the end of the leaching experiment with MTFe-1 (data not shown). There was also no contamination of C-SH12 by KU or BC13 (data not shown).
Chemical leaching by uninoculated controls. The increase in Fe tot as a result of spontaneous chemical leaching of a sterile uninoculated mineral suspension was very small (14% of available Fe [Fig. 1A] ). The small increase over the first 10 days coincided with an increase in the tetrathionate and S 0 concentrations. In contrast to the Fe tot , the Fe 2ϩ continued to rise at a constant rate over the duration of the experiment, reaching 66 mM after 26 days. The redox potential of the solution never rose above 400 mV, which is indicative of a lack of Fe 2ϩ -toFe 3ϩ oxidation. The S 0 concentration rose from 6.1 Ϯ 0.1 mM to a peak of 24.1 Ϯ 2.1 mM after 11 days before remaining stable at approximately 18 mM (Fig. 1A and Table 1 ). The lack of oxidation of reduced inorganic sulfur compound was reflected in the pH, which increased over the entire experiment (data not shown).
The uninoculated control plus 0.02% (wt/vol) yeast extract showed an increase in both the mineral-leaching rate and total mineral dissolved compared to the uninoculated control without yeast extract ( Table 1) . The rates of increase in the S 0 concentrations were very similar in the two uninoculated controls until day 7, when both sets of flasks had approximately 18 mM S 0 . After day 7, the concentration of sulfur in the control flask containing yeast extract remained constant whereas the control flasks without yeast extract continued to accumulate sulfur until day 11, when a peak sulfur concentration of 24 mM was reached (data not shown).
Leaching experiments with pure cultures of T. caldus strains. Arsenopyrite leaching by the three strains of T. caldus in pure culture showed only limited variations. The rates of total iron release were similar for all three cultures, as well as being virtually identical to that of the uninoculated control (with no yeast extract) ( Table 1 ). The maximum rate of Fe 2ϩ production occurred over the first 3 to 5 days, reaching a concentration of over 40 mM before leveling off for all three cultures, with the rate of Fe 2ϩ production greater than that observed for MTFe-1 in pure culture. The S 0 concentration in all three cultures was kept below 20 mM, with a maximum of 17.1 Ϯ 0.1 mM, dropping to 5.43 Ϯ 1.1 mM at the end of the experiment (day 15) for KU. The peak S 0 value for BC13 was 17.37 Ϯ 1.34 mM, dropping to 6.58 Ϯ 4.9 mM after day 15 (Fig.  1B) . C-SH12 had a peak S 0 value after 1 day of 11.1 Ϯ 1.0 mM, which decreased to 5.8 Ϯ 1.7 mM after 15 days. The redox potential did not rise much over 400 mV, indicating that none of the T. caldus strains can use Fe 2ϩ or arsenopyrite as an energy source.
Leaching experiments with S. thermosulfidooxidans in pure culture. MTFe-1 in pure culture did not leach arsenopyrite effectively (Table 1 and Fig. 1C ) in the absence of yeast extract, even though the redox potential rose to 578 Ϯ 7 mV (Fig. 1C) . The redox potential increased due to the high Fe 3ϩ /Fe 2ϩ ratio that is the main contributor to the redox potential in leaching systems, indicating that MTFe-1 was growing (Fig. 1C) . The total mineral dissolution rate and the total mineral dissolved were greater than those observed in the uninoculated control (Fig. 1A and C and Table 1 ). The reduced inorganic sulfur compound concentrations initially increased and then decreased as a result of oxidation to sulfate, with the concurrent production of H ϩ producing a net decrease in the pH (from VOL. 65, 1999 ROLE OF T. CALDUS DURING ARSENOPYRITE BIOLEACHING 37
1.73 Ϯ 0.02 at time zero to 1.24 Ϯ 0.06 after 47 h; data not shown). MTFe-1 leached much more efficiently in pure culture with the addition of 0.02% (wt/vol) yeast extract (Fig. 1D ) than in culture without yeast extract (85 and 38% of the available Fe, respectively, was leached). The lack of Fe 2ϩ accumulation was reflected in the redox potential, where the value increased immediately from time zero, as opposed to the small drop that was evident in all other experiments (Fig. 1D) . The level of S 0 was slightly higher than without yeast extract, but as a far greater amount of the mineral was leached, the MTFe-1 culture with yeast extract must have been oxidizing S 0 at a higher rate. The pH in the culture was indicative of reduced sulfur compound oxidation, as it fell from 1.73 Ϯ 0.02 to 1.34 Ϯ 0.01 after 48 h and was then stable for the remainder of the experiment (data not shown).
Leaching experiments with S. thermosulfidooxidans in mixed cultures with the T. caldus strains. If KU is added to MTFe-1, then both the maximum leaching rate and the amount of iron released were increased in comparison to those with MTFe-1 in pure culture ( Table 1 ). The rate of increase in the redox potential was also greater, and this was reflected in a smaller transient accumulation of Fe 2ϩ (data not shown). The Fe tot concentration at the end of the experiment in the mixed culture containing KU was 99.9% of the available iron, in comparison to 36% in the MTFe-1 pure culture. In the presence of KU there was no characteristic increase in S 0 observed in any of the other experiments. Even though no S 0 accumulated, there was still an increase in the level of tetrathionate from day 0 (from 40 Ϯ 15 to 192 Ϯ 7 M after 1 day) before the concentration was reduced to approximately 42 Ϯ 20 M at the end of the experiment. The addition of KU also caused a large reduction in the concentration of S 0 present at the end of leaching (5.9 Ϯ 2.1 mM in the pure culture compared to 0.5 Ϯ 0.01 mM in the MTFe-1 and KU mixed culture).
Although the maximum leaching rate and total iron dissolved were not as high in the mixed culture of MTFe-1 and BC13 as in the MTFe-1 and KU culture (Table 1) , 88% of the available iron was still leached. The Fe 2ϩ concentration rose to 48.4 Ϯ 9.3 mM (Fig. 1E) , and MTFe-1 and BC13 were a little slower in oxidizing the Fe 2ϩ than MTFe-1 and KU (data not shown). The levels of S 0 and tetrathionate in the MTFe-1 and BC13 mixed culture (Fig. 1E) were comparable to those found for MTFe-1 and KU (data not shown).
In the presence of C-SH12, 42% dissolution of the mineral was achieved (data not shown). The accumulation of Fe 2ϩ (peak concentration, 55 Ϯ 4 mM after 3 days) was lower than that obtained with MTFe-1 in pure culture (Fig. 1C) but greater than that with the MTFe-1 and KU mixed culture (peak concentration, 37 Ϯ 3 mM after 1 day). The increase in S 0 was much higher (from 9.6 Ϯ 4.3 to 34 Ϯ 15.7 mM after 4 days) than those in all of the other cultures. The oxidation of Leaching experiments with mixed cultures without additional CO 2 . In an industrial process, addition of growth supplements to the leaching vessel raises the cost and renders the process more complex. Therefore, the abilities of different mixed cultures to leach arsenopyrite in the absence of additional CO 2 were compared. The results suggested that both MTFe-1 and KU in mixed culture kept growing as the levels of Fe 2ϩ and reduced inorganic sulfur compounds were reduced to nearly zero, but the mineral was not leached as efficiently as with the addition of CO 2 ( Table 1 ). The lag time observed before leaching started suggested that the microorganisms had to adapt to the new environment with a reduced level of CO 2 (data not shown).
The mineral-leaching efficiency of MTFe-1 and BC13 in mixed culture without additional CO 2 was slightly lower than that of the MTFe-1 and KU mixed culture without additional CO 2 (Table 1 and Fig. 1F ). The leaching rate was not as great as for MTFe-1 plus KU without additional CO 2 , but at the end of the experiment a higher percentage of the total available iron had been released (51% after 13 days and 58% after 22 days for MTFe-1 plus KU and MTFe-1 plus BC13, respectively). The difference in peak S 0 concentrations in the two sets of mixed cultures without additional CO 2 was insignificant when the standard errors were compared (26 Ϯ 6 and 18 Ϯ 2 mM S 0 for MTFe-1 plus KU and MTFe-1 plus BC13, respectively).
DISCUSSION
This study is the first attempt to elucidate the role that T. caldus plays in the moderately thermophilic mineral-leaching environment and whether its presence increases the efficiency of the process. Sulfur is formed as an intermediate in chemical leaching, according to the "classical" model (equation 1) or via the model proposed by Schippers et al. (21) :
If the S 0 is not metabolized, then its accumulation will cause a layer to form on the surface of the mineral, as well as S 0 globules in the liquid medium and in the periplasms of the bacteria (19, 23) . It is apparent from the transient nature of the S 0 accumulation in the S. thermosulfidooxidans pure cultures that a portion of the S 0 was biologically oxidized. The concentration of S 0 never reaches zero, and therefore some is available to support the presence of T. caldus. This is made evident by the addition of KU or BC13 to the MTFe-1 culture, as the sulfur accumulation is lower in the mixed cultures.
It can be hypothesized that the addition of T. caldus affects arsenopyrite-leaching efficiency via three mechanisms. In the first mechanism, oxidation of S 0 increases the leaching rate by removing the S 0 that builds up on the mineral surface, allowing bacterial and chemical (Fe 3ϩ ) access to the mineral. A close contact between the bacteria and the mineral is required, as it has been shown that the bacteria need to be attached to the surface of the mineral to be able to leach (4). This has also been shown for ferric iron precipitation, which inhibits leaching by preventing contact between the leaching agent and the mineral (1). The results suggest that a possible value for the inhibitory concentration of S 0 is approximately 20 mM for 5% (wt/vol) arsenopyrite. It is at this point that leaching is inhibited in the uninoculated controls, as well as in the MTFe-1 and C-SH12 mixed culture, where metal solubilization does not proceed until the concentration of S 0 is reduced below 20 mM (data not shown).
The second possible mechanism by which T. caldus may affect the arsenopyrite-leaching rate is the production of organic growth factors that may stimulate heterotrophic and mixotrophic growth of bacteria. The level of S 0 in the pure culture of MTFe-1 (without yeast extract) was reduced after the initial increase, and therefore MTFe-1 must be scavenging for growth factors in the medium. Possible sources for the organic material could be air-and waterborne contaminants (7) and microorganisms present on the mineral prior to autoclaving. It has been observed that some autotrophic acidophiles release organic material into the medium (5). Therefore, it can be hypothesized that another role of T. caldus might be to provide organic material in a form of cross-feeding that aids mixotrophic growth. This cross-feeding could also be in the form of a symbiotic relationship, as MTFe-1 may reduce the concentration of organic chemicals that can inhibit the growth of some chemolithoautotrophic acidophiles by accumulation in the cytoplasm (2, 12, 17) . The fact that the three strains of T. caldus do not efficiently oxidize S 0 and tetrathionate in pure culture lends weight to this hypothesis. Cross-feeding of S. thermosulfidooxidans by other acidophilic species has been observed during mixed culture ferrous iron oxidation with Acidimicrobium ferrooxidans (6) .
The third hypothetical mechanism by which T. caldus affects arsenopyrite leaching is the production of surface-active agents to solubilize the S 0 . The yeast extract may act as a wetting agent to allow S 0 to be dispersed in the medium, thereby allowing further oxidation of the mineral. T. caldus has also been observed to release surface-active agents to aid in oxidation of S 0 (unpublished observation). The leaching efficiency was also increased in the defined mixed culture by the addition of any of the three strains of T. caldus, with KU being the best, followed by BC13, and finally C-SH12, which had little effect under the experimental conditions tested. This is in agreement with many studies that suggest that a mixed culture of specialized bacteria is more efficient at leaching than a pure culture (24, 25) .
S. thermosulfidooxidans and T. caldus both require supplemental CO 2 for optimum growth; therefore, the leaching of a Release of iron was plotted for each of the replicates, and the slope of the line at the maximum rate was calculated.
b An average value of the maximum total Fe released at the end point of the experiments or after 11 days (the approximate time for the fastest experiments to reach a plateau).
c SD, standard deviation (n ϭ 2).
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arsenopyrite by a mixed culture of MTFe-1 and BC13 without additional CO 2 was in conditions that were below optimal, resulting in a lower leaching rate. The growth of moderate thermophiles without additional CO 2 was particularly affected, as the solubility of CO 2 is reduced at higher temperatures.
